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Collapsin-1 is a secreted glycoprotein that inhibits the extension of speci®c growth cones in vitro. It has been hypothesized
to serve as a repulsive guidance cue for extending growth cones in vivo. Here we report the distribution of collapsin-1
message as demonstrated by in situ hybridization using digoxigenin-labeled RNA probes in wholemounts and tissue
sections. In the early chick brain collapsin-1 is expressed in speci®c regions of the retina, the olfactory bulb, and the
diencephalon. In the hindbrain collapsin-1 is ®rst expressed in rhombomere 5 and later in bilaterally symmetric rostrocaudal
stripes. Collapsin-1 is expressed in high levels in the ventral horn of the spinal cord and in ventricular stripes that extend
rostrally to the hindbrain. In the periphery, collapsin-1 is expressed in the dermamyotome and in ectoderm and epidermis.
Based on collapsin's expression patterns we tested axons extending from explants of ventral spinal cord and olfactory bulb
for sensitivity to collapsin and show that the former are sensitive to collapsin wheras the latter are not. The distribution
of collapsin mRNA is consistent with it playing a role in the organization of sensory axonal projections within the spinal
cord and skin. q 1996 Academic Press, Inc.
INTRODUCTION touching them (Verna, 1985), and sensory axons also avoid
explants of ventral but not dorsal spinal cord (Fitzgerald et
al., 1993).The growth cone at the tip of an extending axon uses
We recently identi®ed a chick brain glycoprotein, col-inhomogeneously distributed guidance cues in its sur-
lapsin-1, that inhibits DRG but not retinal ganglion cellrounding environment to decide where to extend. Some of
growth cone motility in an in vitro assay (Luo et al., 1993).these cues are attractive for speci®c growth cones while
Collapsin appears to be a secreted molecule of about 100others are repulsive. Repulsive cues have been implicated
kDa. Its coding sequence contains a signal sequence at thein the guidance of growth cones in several systems. These
N-terminal end but no apparent transmembrane spanninginclude the avoidance of posterior tectum by temporal reti-
region. The N-terminal half of collapsin-1 is related to anal ganglion cell axons in the chick (Walter et al., 1987;
transmembrane protein in insects, fasciclin IV/semaphorinCox et al., 1990), the avoidance of posterior half-somites by
I, that helps guide pioneer growth cones through the legmotor neuron axons in the chick (Davies et al., 1990), the
toward the CNS (Kolodkin et al., 1992). Collapsin's C-ter-preference of temporal retinal ganglion cell growth cones
minal half has a single Ig domain followed by a very basicto fasciculate on temporal as opposed to nasal retinal axons
region. This basic region may serve to bind collapsin-1 to(Raper and Grunewald, 1990), and the avoidance of sensory
cell surfaces or the extracellular matrix. We estimate thataxons by preganglionic sympathetic growth cones (Moor-
native collapsin-1 is active at concentrations around 10 pMman and Hume, 1990). In addition to these contact-medi-
(Luo et al., 1993), a potency similar to that of some growthated avoidance events, there is now evidence that repulsive
factors and cytokines.cues can act at a distance as soluble repellents. Mitral cell
Collapsin-1 is a member of a family of genes that hasaxons exiting the olfactory bulb avoid septal explants (Pini,
been partially characterized in a number of vertebrate and1993). Sensory axons turn away from skin explants without
invertebrate species. Secreted and transmembrane spanning
members of the family have been identi®ed in insects (Ko-
lodkin et al., 1993). We have found at least four other col-1 To whom correspondence should be addressed at 102 Johnson
lapsin related genes that are expressed in the developingPavilion, University of Pennsylvania School of Medicine, Philadel-
chick CNS (Luo et al., 1995). A comparable number of re-phia, PA 19104. Fax: 215-573-9050; changshu@mail.med.upenn.edu
(e-mail). lated genes are expressed in the embryonic mouse (PuÈ schel
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et al., 1995). Comparison of collapsin-related sequences in Plus slides (Fisher). All incubations were carried out at room
temperature unless otherwise stated. Sections were washedhuman (Kolodkin et al., 1993), chick (Luo et al., 1993; Luo
in PBS, acetylated for 10 min (3.5 ml triethanolamine, 0.75et al., 1995), and mouse (PuÈ schel et al., 1995) indicates that
ml acetic anhydride in 300 ml distilled H2O), and permeabil-human semaphorin III and mouse semaphorin D are likely
ized in PBS plus 1% Triton X-100. Sections were prehybrid-to be species homologues of chick collapsin-1 (Luo et al.,
ized for 6 hr and then hybridized with DIG-labeled probe1995).
(0.4 mg/ml) overnight at 727C. The next day slides wereThe ability of collapsin-1 to inhibit the motility of spe-
washed with 0.21 SSC 60 min at 727C and brie¯y rinsed inci®c growth cones and the similarity of its sequence to a
fresh 0.21 SSC. Slides were then washed with PBS, blockedknown guidance molecule in insects together suggest that
in blocker for 1 hr, incubated with alkaline phosphatase-collapsin-1 could serve as a repulsive guidance cue in the
conjugated anti-DIG antibody (1:5000) in blocker for 1 hr,developing nervous system. The object of this study was to
rinsed with PBS, incubated in alkaline phosphatase reactionde®ne collapsin-1's mRNA distribution during develop-
buffer, and reacted for 1 hr to 2 days with 0.33 mg/ml NBTment of the chick by in situ hybridization. Consistent with
and 0.17 mg/ml BCIP in the dark.the hypothesis that collapsin-1 could serve as a guidance
Preparation of digoxigenin-labeled RNA probes.cue in vivo, we ®nd that collapsin-1 mRNA is expressed in
Probes were generated using a procedure derived from thatspeci®c CNS and peripheral locations at times when axonal
of Schaeren-Wiemers and Ger®n-Moser (1993). Digoxi-pathways are forming. Our results indicate that collapsin-
genin-UTP was purchased from Boehringer-Mannheim, and1's distribution is consistent with two previously described
a 2.5 mM NTP mix was prepared with a UTP:Digoxigenin-repulsive activities for sensory axons: one that is secreted
UTP ratio of 65:35. Full-length probes coding the entireby ventral spinal cord explants (Fitzgerald et al., 1993) and
collapsin-1 gene were generated from collapsin-1 cDNA inanother that is secreted by skin epidermis (Verna, 1985).
pBluescript (Stratagene). The plasmid was cut with NotI to
produce an antisense probe or XbaI to produce a sense probe.
Transcription reactions were carried out essentially as rec-MATERIALS AND METHODS
ommended by Boehringer-Mannheim, using 1 mg of DNA
for template. The digoxigenin-labeled RNA probes were pre-In situ hybridizations of wholemount embryos and on
cipitated and subjected to mild alkaline hydrolysis in 60tissue sections. All embryos were staged according to
mM Na2CO3/40 mM NaHCO3 (pH 10.2) for 1 hr at 607C toHamburger and Hamilton (1951). Tissues were ®xed in 4% reduce the probe length to around 100 bp.
paraformaldehyde overnight at 47C. The hybridization Neural explants and cell culture. Spinal cord explants
buffer was 50% formamide, 41 SSC, 11 Denhardt's, 10% were prepared from the brachial trunk region of stage 28
dextran sulfate, and 0.5 mg/ml salmon sperm DNA. Most (E6) chick embryos. Spinal cords were isolated and bisected
washes were carried out in 0.3% Triton X-100 in PBS (PBT), along the midline. The ventral part from each half of the
the blocking buffer for the antibody incubations was 10% spinal cord was then dissected free from the rest of the cord
fetal calf serum in PBT, and the alkaline phosphatase reac- and the trunk and cut into small pieces. These were plated
tion buffer was 100 mM Tris, pH 9.5, 50 mM MgCl2, 100 onto 9-mm glass coverslips coated with laminin (40 mg/ml)
mM NaCl, 0.1% Tween 20, 1 mM levamisole. The hybrid- and cultured essentially as described in Luo et al. (1993) for
ization procedures for both wholemount preparations and 18±24 hr. Olfactory bulbs were obtained from stage 36 (E10)
sectioned material were derived from those of Kennedy et chick embryos and were further subdivided into six equal-
al. (1994). sized explants before they were cultured. These were plated
For wholemount preparations, ®xed embryos were and cultured as described above except the glass coverslips
washed in PBT, digested in proteinase K (10 mg/ml) for 10± were coated with G4 (10 mg/ml).
20 min at 377C, and re®xed in 4% paraformaldehyde. After Collapse assay. The procedure for the collapse assay
30 min the embryos were washed in PBT and prehybridized was the same as that previously described (Luo et al., 1993;
in hybridization buffer for 2 hr at 657C. The embryos were Raper and Kapfhammer, 1990). In brief, small aliquots of
then hybridized in buffer containing digoxigenin (DIG)-la- recombinant collapsin-1 were added to olfactory bulb and
ventral cord cultures at concentrations which were knownbeled probe (0.25±0.5 mg/ml) for 48 hr at 657C. After wash-
to cause the collapse of stage 30 (E7) chick DRG growthing in fresh hybridization buffer for 3 hr at 257C and over-
cones. The recombinant collapsin-1 was gently mixed intonight at 657C, the embryos were washed in PBT, blocked
the culture medium, and the cultures were incubated atin blocker for 3 hr at room temperature, and incubated
377C in 5% CO2 for 1 hr and then ®xed with 4% paraformal-with alkaline phosphatase-conjugated anti-DIG antibody
dehyde in PBS containing 20% sucrose. The ®xed cultures(1:2000) in blocker overnight 47C. The next day the embryos
were then scored as to whether their growth cones had nor-were washed in blocker, rinsed in alkaline phosphatase reac-
mal spread morphology (i.e., had lamellipodia and ®lopodia)tion buffer, and then reacted in reaction buffer containing
or collapsed morphology.0.33 mg/ml NBT and 0.17 mg/ml BCIP for 1±2 hr.
For tissue sections, ®xed embryos were cryoprotected in
RESULTS20% sucrose and frozen in Tissue Tek O.C.T. embedding
medium compound. Then, 30-mm sections were cut on a A digoxigenin-labeled anti-sense RNA probe complemen-
tary to the full coding sequence of chick collapsin-1 wasBright Instruments cryostat and collected on Superfrost
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used to examine the distribution of collapsin-1 message in at this stage. Expression resumes in the trunk adjacent to
the limb around stage 28 (E6). Beginning at stage 30 (E7),the somites, skin, dorsal root ganglia, spinal cord, brain-
stem, midbrain, diencephalon, olfactory bulb, and retina of collapsin-1 expression is seen in the epidermis of both the
trunk and limbs (data not shown). No expression is detect-the developing chick. The collapsin-1 probe does not cross-
hybridize with the mRNAs for other collapsin related-pro- able in the underlying dermis.
teins. A comparison of the patterns of in situ hybridization
for collapsins -1, -2, -3, -4, and -5 mRNAs shows that each
Dorsal Root Gangliahas a unique pattern of expression in the spinal cord, dien-
cephalon, and brainstem (Luo et al., 1995; unpublished ob- Transient expression of collapsin-1 message was detected
throughout the DRG at stage 24 (E4.5; Fig. 1D). At laterservations). Matched preparations using a collapsin-1 sense
probe gave no signi®cant hybridization signals in any of the stages no expression was observed in the majority of the
DRG cells except for a group of cells in the ventral andtissues studied.
lateral part of the ganglia (data not shown).
Somites
Spinal CordCollapsin-1 is ®rst expressed in somites shortly after they
segregate from the segmental plate. At this time, each so- Collapsin-1 message is ®rst clearly detectable in neuro-
epithelial cells and in presumptive motor neurons in themite is a ball of undifferentiated somitic mesoderm. The
expression of collapsin-1 is restricted to the dorsal and lat- spinal cord at stage 24 (E4.5; Fig. 2A; compare to lack of
label in spinal cord in Figs. 1A±1C). A similar but moreeral portion of the somite ball, corresponding to the pre-
sumptive dermamyotome (Fig. 1A). At lumbrosacral levels intense pattern of expression is seen in the spinal cord by
stage 28 (E6; Fig. 2B). The highest level of expression is inat about stage 18 (E3), the somite ball breaks up to form the
dermamyotome, a dorsal sheet of cells that later generates a group of ventricular neuroepithelial cells midway along
the dorsal±ventral axis and in presumptive motor neuronsmuscles and dermis, and the sclerotome, a group of more
ventrally scattered cells that generate the vertebral cartilage in the ventral horn. Weaker expression is also evident in
cells within the dorsal gray matter beneath the dorsal horn.and connective tissue. Collapsin expression is restricted to
the dermamyotome (Fig. 1B, more anterior section of the Expression within the dorsal horn weakens further, leaving
the area into which sensory collaterals enter relatively freesame embryo as 1A). At later stages, collapsin-1 expression
continues in the dermatome and in myoblasts as they mi- of collapsin-1 expression by stage 30 (E7; data not shown).
At stage 35 (E9; Fig. 2C), cells localized in speci®c, bilater-grate into the limb (Figs. 1C and 1D). At no stage is expres-
sion observed in the presumptive sclerotome or sclerotome. ally symmetric areas throughout the spinal gray matter ex-
press collapsin-1 message. The most intense signal is stillDuring the period when motor neuron axons ®rst exit the
spinal cord and traverse the somites (stage 17/18 at lumbro- seen at the ventricular zone and in the motor neurons in
the lateral part of the motor pool in the ventral horn. Littlesacral levels), no anterior±posterior segregation of col-
lapsin-1 expression is observed in either sections or whole expression is evident in the lateral and dorsal gray matter in
which sensory collaterals are found at this stage. Additionalmounts (Fig. 1E, lower somite strip showing caudal most
somites expressing collapsin-1 uniformly). However, as the prominent hybridization is observed in Hoffman's nucleus
(arrow, Fig. 2C).somite breaks into dermamyotome and sclerotome, col-
lapsin-1 expression rapidly becomes asymmetric, with a
higher level of expression in the posterior dermamyotome
Hindbrainas compared to anterior dermamyotome (Fig. 1E, most ante-
rior segments, upper somite strip from the same embryo Collapsin-1 expression is detectable in the hindbrain begin-
ning at the 11 somite stage (stage 10/, E1.5). On E2, expressionviewed from the side). By this time, the pattern of motor
neuron outgrowth is well established. At stage 24 (E4.5), is strong throughout rhombomere 5 and is detectable in rhom-
bomeres 1 and 3 at 15 somites (stage 120; Fig. 3A), continuescollapsin-1 message is clearly observed only in the posterior
half of each dermamyotome (Fig. 1F). to be high in rhombomere 5 at 20 somites (stage 13/; Fig.
3B), but has narrowed to a small anterior±posteriorly running
stripe of cells in rhombomere 5 by stage 16 at the end of E2
Skin (Fig. 3C). Expression of collapsin-1 is virtually undetectable
in the hindbrain at stage 21 (E3.5), but around stage 24 (E4.5)Collapsin-1 is expressed in stage 18 (E3) dorsal trunk ecto-
derm (Fig. 1B). Ectodermal expression is also seen in dorsal expression returns in cells adjacent to the ventral midline in
rhombomeres 3 through 5 (Fig. 3D). There is also expressionproximal and ventral distal limb bud ectoderm (data not
shown). At stage 21/22 (E3.5) expression has disapppeared in dorsolaterally located cells in rhombomere 4, as well as in
an extreme dorsal stripe extending caudally from rhombomerefrom the trunk ectoderm but limb ectodermal expression
remains (Fig. 1C). Expression becomes symmetrical on both 6. At this time a pair of longitudinally oriented stripes can
also be seen on the ventricular surface (Fig. 3E). These stripesdorsal and ventral limb ectoderm at stage 24 (E4.5) with
higher levels proximally and lower levels distally (Fig. 1D). are continuous with the ventricular expression in the spinal
cord. As development proceeds, the ventricular stripes of col-No expression is seen at the distal limb tip or on the trunk
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FIG. 1. Collapsin-1 expression in somites visualized with digoxigenin- labeled RNA probe. Frozen cross sections of chick embryos at
stage 18 (E3; A, B); (A) is taken at a lumbrosacral level, (B) at a cervical level. Sections of chick embryos at lumbrosacral levels at stage
22 (E3.5; C) and stage 24 (E4.5; D). Wholemount somite strips from a single embryo at stage 18 (E) and at stage 24 (F). The strips in (E)
are from the same embryo, the lower strip is the caudal end viewed from on top, the upper strip continues rostrally and is viewed from
the side. The strip in (F) is from a lumbrosacral level and is viewed from the side; anterior is to the left in both panels. Somite (s), neural
tube (nt), and notochord (n) are indicated in (A). Dermamyotome (dm), sclerotome (sc), and dorsal trunk epidermal expression (arrowheads)
are indicated in (B). Limb epidermal expression in proximal dorsal limb (arrowhead) and no expression in distal dorsal limb (open arrowhead)
are indicated in (C). Dorsal root ganglion (drg) and limb epidermal expression (arrowhead) are indicated in (D). Bracket in (F) spans one
somite. Scale bar, 100 mm (A, B); 200 mm (C, D); 500 mm (E, F).
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FIG. 2. Collapsin-1 expression in the spinal cord visualized with digoxigenin-labeled RNA probe. Frozen cross sections of chick embryos
at lumbrosacral levels at stage 24 (E4.5; A), at stage 28 (E6; B), and stage 35 (E9; C). Arrow in (C) indicates Hoffman's nucleus. Scale bar,
100 mm (A); 200 mm (B, C).
lapsin-1 expressing cells caudal to cranial nerve V become (open arrow). Collapsin-1 expression was not detected in any
other cranial ganglia in this study. At stage 28 (E6), sectionsmore pronounced (Fig. 3F). In sections of the hindbrain taken
at the level of the VII/VIIIth ganglia at stage 24 (E4.5), expres- through the hindbrain at the level of the VII/VIIIth ganglion
demonstrate an increased level of expression in the patchession of collapsin-1 is seen in neural cells as well as faintly
within patches of ventricular cells (Fig. 3G). Expression of of ventricular cells, as is evident in the wholemount (Fig. 3F).
An increased level of expression is also seen in cells withincollapsin-1 is seen within the vestibulocochlear ganglion VIII
(Fig. 3G, arrow), but not in the adjacent fused ganglion VII the hindbrain.
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FIG. 3. Collapsin-1 expression in the chick hindbrain visualized with digoxigenin-labeled RNA probe. Kippered wholemount chick hindbrains
are shown viewed from the pial surface at stage 120 (E2; A); stage 13/ (E2; B); stage 16 (E2; C); stage 24 (E4.5; D). Hindbrains viewed from the
ventricular surface are shown at stage 24 (E4.5; E) and stage 28 (E6; F). The ventral midline is indicated by an arrowhead (A±F); the former
dorsal edges are to the sides. Rhombomeres 3 and 5 are numbered (A±E), and the position of cranial nerves V and VII is indicated (F). Frozen
cross sections of hindbrains at the level of the VII/VIIIth ganglia are shown at stage 24 (G) and stage 28 (H); the open arrow in (G) indicates
the part of the VII/VIII ganglion that is VII and the closed arrow indicates the part that is VIII. Scale bar, 500 mm (A±F); 280 mm (G, H).
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Midbrain and Diencephalon
Motor neurons within the oculomotor nucleus (cranial
nerve III) do not express collapsin-1 at stage 24 (E4.5; Fig.
4A), but do express collapsin-1 by stage 28 (E6; Fig. 4B).
The oculomotor nucleus is divided into four subnuclei: ven-
tromedial, dorsomedial, dorsolateral, and accessory (or
Edinger-Westphal). These subnuclei are apparent by stage
35 (E9; Sohal, 1977), and their projection patterns in the
chick are similar to that in other species (Heaton and
Wayne, 1983). At stage 36 (E10), the ventromedial, dor-
somedial, and dorsolateral subnuclei of the oculomotor
complex (Sohal, 1977; Heaton and Wayne, 1983) express
collapsin-1 (Fig. 4C).
Wholemounts of stage 14 (E2) diencephalon reveal col-
lapsin-1 expression in a stripe along the ventral midline just
posterior to the optic chiasm (arrow, Fig. 5A). In the dorsal
diencephalon, the only expression of collapsin-1 message is
in the pineal gland (Fig. 5B). In sections taken through stage
24 (E4.5) diencephalon, cells in the pineal are seen to express
collapsin-1 mRNA (Fig. 6B), as do cells at the ventral mid-
line, and cells adjacent to the medial longitudinal fasciculus
(MLF; Fig. 6C). In an adjacent section, the location of axons
within the diencephalon is visualized with antibodies to
G4/L1; the MLF and the tract of the postoptic commissure
are labeled (Fig. 6D). Collapsin expressing cells can be seen
to coincide with the placement of the MLF.
Olfactory Bulb
Collapsin-1 message is seen in speci®c layers of the olfac-
tory bulb. At stage 36 (E10), intense collapsin-1 expression
can be seen in an intermediate zone above the ventricular
zone, which may correspond to the glomerular layer (Fig.
7A). The ventricular and subventricular zones are not la-
beled. By stage 45 (E20), collapsin-1 expressing cells are ap-
parent in the granule cell layer, which was not present at
stage 36 (Fig. 7B). Expression continues in the glomerular
layer and is also seen in a super®cial line of cells. The septal
region does not express collapsin-1 at either of these stages
(Fig. 7A, arrow).
Retina
Collapsin-1 expression in the developing eye cup and lens
is detectable at stage 14 (E2; see Fig. 5A). Expression is clearly
visible in the central neural retina and the entire lens at stage
21 (E3.5; Fig. 8A). Expression expands to include the entire
width of the neural retina by stage 28 (E6; Fig. 8B). By stage
FIG. 4. Collapsin-1 expression in the oculomotor nucleus visual-
41 (E15), it is present in all three nuclear layers within the
retina (Fig. 8C). However, expression within each nuclear layer
is not uniform. This is especially noticeable in the ganglion
ized with digoxigenin-labeled RNA probe. Frozen cross sections atcell layer where some cells do not appear to express collapsin-
stage 24 (E4.5; A), at stage 28 (E6; B), and stage 36 (E10; C). Ventro-1 at all. Expression of collapsin-1 message diminishes by stage
medial (vm), dorsomedial (dm), and dorsolateral (dl) subnuclei are45 (E20), remaining at low levels in only occasional cells in
labeled in (C). Scale bar, 200 mm.the ganglion and inner plexiform layers (Fig. 8D).
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FIG. 5. Collapsin-1 expression in the diencephalon demonstrated by wholemount in situ hybridization of chick brains using digoxigenin-
labeled RNA probe. A view of the ventral surface at stage 14 (E2; A), arrow indicates stripe of expression at ventral midline. A view of
the dorsal surface of the brain at stage 24 (E4.5) shows intense expression only in the pineal gland and no expression elsewhere (B). Scale
bar, 500 mm.
Sensitivity of Speci®c Growth Cones to collapsin-1 treated explants was 73%, compared to 6% in
matched untreated control cultures (Table 1).Recombinant Collapsin-1
The presence of collapsin-1 message in the olfactory
Previous work has shown that recombinant collapsin-1 bulb encouraged us to test the effect of recombinant col-
affects sensory (DRG) growth cones but not retinal ganglion lapsin-1 on axons projecting from olfactory bulb explants.
cell growth cones (Luo et al., 1993). These effects of col- Retrograde tracing studies using DiI established that mi-
lapsin-1 are substrate independent and are observed regard- tral axons exit the bulb beginning at stage 35 (E9; data not
less of whether explants are cultured on extracellular matrix shown). Stage 36 (E10) olfactory bulbs grow long axonal
molecules such as laminin or on cell adhesion molecules processes when explanted onto a substratum coated with
such as G4/NgCAM. The location of collapsin-1 mRNA the cell adhesion molecule G4/NgCAM. Concentrations
expression as seen in this study prompted us to test some of collapsin-1 that cause a complete collapse of cultured
other cell types for collapsin-1 sensitivity. DRG growth cones have no effect on olfactory bulb
The expression of collapsin-1 message in the dermamyo- growth cones (Fig. 9D). In collapsin-1 treated cultures of
tome raised the issue of whether motor neurons may be olfactory bulb explants, the percentage of collapsed
sensitive to collapsin-1. When recombinant collapsin-1 is growth cones measured was 8%, as compared to 7% mea-
added to explant cultures of ventral spinal cord, clusters of sured in matched untreated control cultures (Table 1).
collapsed growth cones were observed in most of the treated The same concentration of collapsin-1 added to sensory
explants (Fig. 9B) but not in the control explants (Fig. 9A). ganglia explants caused 93% of the growth cones to be
scored as collapsed (Table 1).The percent of collapsed spinal growth cones measured in
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FIG. 6. Collapsin-1 expression in the diencephalon at stage 24 (E4.5). Frozen sections oriented as shown in (A). Expression in the pineal
is shown in (B); expression at the ventral midline (arrow) and at the ¯exure (double arrow) is shown in (C). Double arrows also mark the
postion of the MLF. An alternate section labeled with antibodies to G4/L1 to show position of axons is shown in (D). The third ventricle
is labeled with (v). Scale bar, 200 mm.
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FIG. 7. Collapsin-1 expression in the olfactory bulb visualized with digoxigenin-labeled RNA probe. A horizontal section through the
olfactory bulb is shown at stage 36 (E10; A) and at stage 45 (E20; B). Short arrow in (A) indicates the septum, long arrows mark the midline,
(v) denotes ventricle, open arrows indicate glomerular layer. Scale bar, 200 mm.
repels olfactory bulb explant neurites (Pini, 1993). Col-DISCUSSION
lapsin-1 is unlikely to be this septal derived activity since
Our previous in vitro studies with native and recombi- it is not expressed there. However, since collapsin-1 is ex-
nant collapsin-1 have led us to propose that collapsin-1 pressed in the olfactory bulb and in regions lateral to the
serves as a repulsive axonal guidance cue. If collapsin-1 acts septum adjacent to the normal pathway of the lateral olfac-
as a bona ®da guidance cue in vivo, however, it must be tory tract, it seemed possible that collapsin-1 might repulse
shown to be expressed in speci®c locations within the em- the axons of olfactory output neurons. However, recombi-
bryo to which responsive growth cones have access. Here nant collapsin-1 does not cause the collapse of olfactory
we show that collapsin-1 mRNA is expressed in such a explant neurites, suggesting that collapsin-1 is not a re-
manner. The speci®c patterns of expression eliminate col- pulsor for these axons.
lapsin-1 as the likely source of known repulsive activities
in several instances, but do suggest that collapsin-1 is a
good candidate for a repulsive activity in the ventral spinal Visual System
cord and in the skin. Our discussion is limited by the as-
sumption that cells expressing high levels of collapsin-1 Temporal retinal axons respond to a repulsive activity
mRNA also produce collapsin-1 protein and that the protein expressed on nasal retinal axons (Raper and Grunewald,
remains localized to the area around the expressing cells. 1990). Their extension is also inhibited by an inhibitory
Our conclusions are therefore tentative and await con®r- component of posterior tectal membranes (Walter et al.,
mation by antibody immunohistochemistry and/or func- 1987; Cox et al., 1990). If collapsin-1 were responsible for
tional manipulations which perturb collapsin-1 function. either of these activities, one would expect collapsin-1
mRNA to predominate in the nasal compared to the tempo-
Olfactory System ral retinal cells or in posterior compared to anterior tectal
cells. No such distributions for collapsin-1 mRNA haveIt has recently been shown in coculture experiments of rat
tissue that septal explants release a chemorepulsant which been detected in our studies. Futher, in vitro collapse assays
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with recombinant collapsin-1 indicate that it does not in-
hibit the motility of either nasal or temporal retinal gan-
glion cell axons (Luo et al., 1993). Collapsin-1 therefore
does not appear to be a good candidate for either of these
inhibitory activities.
Somites
Motor neuron axons are gathered together in ventral roots
whose segmental pattern is determined by the adjacent
somitic mesoderm (Stern and Keynes, 1987; Tosney, 1988).
Motor neuron projections extend exclusively through the
anterior halves of somites (Keynes and Stern, 1984). Migrat-
ing neural crest cells and sensory ganglion axons follow
the same migration pattern and may therefore respond to
similar somitic guidance cues (Rickmann et al., 1985; Bron-
ner-Fraser, 1986; Loring and Erickson, 1987). It has been
hypothesized that extending axons are con®ned to anterior
somites by a repulsive cue localized in posterior somites
(Keynes and Stern, 1984, 1988). This is supported by the
®nding that a crude extract of stage 17 trunk membranes
contains a DRG growth cone collapsing activity (Davies et
al., 1990).
Although collapsin-1 is expressed predominantly in pos-
terior somites at some stages, it is unlikely to be the re-
pulsor thought to impose a segmented pattern on the ven-
tral and dorsal roots. First, collapsin-1 message is not local-
ized to the posterior half of the somite until after the ®rst
motor axons have left the spinal cord. Chick motor axons
have been observed leaving the thoracic spinal cord and
entering the somite at stage 17 (Lim et al., 1991), a stage at
which collapsin-1 mRNA is expressed in both the anterior
and posterior halves of somites. The predominant posterior
dermamyotomal expression of collapsin-1 is not well estab-
lished until stage 20, at which time segmental roots have
been laid down at both thoracic and lumbar levels. Second,
collapsin-1 message is expressed in the dermamyotome and
not in the sclerotome, while motor neurons extend their
axons exclusively within the sclerotome. In fact, the pat-
terning of motor neuron axons extending into the limb is
unaffected by removal of the dermamyotome (Tosney,
1987). For these reasons, we conclude that collapsin-1 is
unlikely to be the repulsive cue in posterior somites that
organizes the segmental pattern of nerve roots.
If collapsin-1 plays a role in the guidance of sensory and
motor axons in the periphery, it could simply be to prevent
them from approaching or entering the dermamyotome dur-
ing the establishment of their initial projections. Motor ax-
ons that project to the limb normally skirt the ventral sur-
face of the dermamyotome (Tosney and Landmesser, 1985).
This behavior is consistent with the dermamyotome dis-
playing a repulsive activity, and our ®nding that many
growth cones from the ventral spinal cord are responsive to
collapsin-1 suggests that collapsin-1 expression could pro-FIG. 8. Collapsin-1 expression in the retina visualized with digox-
vide a basis for such an activity. In contrast, epaxial motorigenin-labeled RNA probe. Frozen sections of the retina at stage 21
neurons that project dorsally toward the dermamyotome(E3.5; A), stage 28 (E6; B), stage 41 (E15; C), and stage 45 (E20; D).
would not be expected to respond to a repulsive activity in(e) Denotes the extraocular tissues to the left in each panel, the
bracket marks the width of the neural retina. Scale bar, 100 mm. the dermamyotome (Tosney, 1987).
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FIG. 9. Responsiveness of ventral spinal cord and olfactory bulb explant growth cones to collapsin-1. The growth cone morphology of
stage 28 ventral spinal cord explant neurites in control (A) and collapsin-treated (B) cultures, and the growth cone morphology of stage
36 olfactory bulb explant neurites in control (C) and collapsin-treated (D) cultures. Scale bar, 50 mm.
It is interesting to note that netrin-1, a candidate guidance overlap with collapsin-1 expressing cells, implying that
these motor neurons do not express collapsin-1 at this stagemolecule that has been shown to attract spinal commissural
axons in organ culture, is expressed throughout the somite (unpublished observations). Moreover, since there is little
collapsin-1 expression in rhombomere 2, the trigeminal mo-ball at stage 11 and is then expressed in the dermamyotome
after somites break up (Kennedy et al., 1994). Somites there- tor neurons that arise in this rhombomere also do not appear
to express collapsin-1. Thus, cranial motorneurons do notfore appear to be simultaneously expressing a cocktail of
attractors and repulsors, each speci®c to particular axons. express collapsin-1, although other motorneurons, such as
those in the oculomotor nucleus and in the lateral motor
columns in the spinal cord, express high levels of collapsin-
Hindbrain 1 mRNA.
Collapsin-1 expression in the hindbrain is very dynamic
through the early stages of neurogenesis. Its early expression Spinal Cord
throughout rhombomeres 3 and 5 could contribute to the
delayed axonogenesis of motor neurons observed in odd Ventral spinal cord explants have been reported to secrete
a repulsive factor that repels sensory axons (Fitzgerald etnumbered rhombomeres as compared to even numbered
rhombomeres (Lumsden and Keynes, 1989). The widespread al., 1993). Sensory axons cultured in the presence of NGF
are exquisitely sensitive to both native and recombinantexpression of collapsin-1 in rhombomeres 3 and 5 is tran-
sient and is later replaced by expression in restricted col- collapsin-1 (Luo et al., 1993; Messersmith et al., 1995), and
collapsin-1 message levels are high in the ventral cord asumns of cells close to the ventral midline of rhombomeres
3, 4, and 5 and in a dorsolateral column of cells extending compared to the dorsal cord. These observations are consis-
tent with the hypothesis that collapsin-1 is the factor re-caudally from rhombomere 6. DM-GRASP expressing mo-
tor neurons in the medial motor neuron columns do not sponsible for the observed repulsion of DRG axons.
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TABLE 1
Response of Growth Cones from Different Neural Tissues to Collapsin-1
No Collapsin-1 Collapsin-1
Tissue Spread Collapsed % Collapsed Spread Collapsed % Collapsed
Dorsal 181 6 10 142
Root 227 5 5 50
Ganglia 2% { 1% 93% { 2%
Olfactory 207 21 178 22
Bulb 161 8 176 18
116 5
145 7
7% { 2% 8% { 4%
Ventral 95 6 27 77
Spinal 134 10 33 92
Cord 72 3 32 74
78 4 25 83
34 79
20 58
6% { 1% 73% { 3%
Note. Percentage of collapsed growth cones in response to collapsin present in the media. Various neural tissues were cultured as
described under Materials and Methods and treated with recombinant collapsin-1 for 1 hr 377C. After ®xation the growth cones of each
explant were scored as having a spread or collapsed morphology. The numbers were collated into the percentage of all counted growth
cones having a collapsed morphology.
During normal development in vivo, collapsin-1 may help the plexus between stages 21 and 24.5 (E3.5±4.5), and it is
only after this waiting period that they resume their exten-con®ne sensory axons to the dorsal half of the spinal cord.
Primary sensory afferents reach the spinal cord around stage sion into the periphery (Tosney and Landmesser, 1985).
Later, they pause a second time before branching exten-23 (E4) and extend in the primordium of the dorsal funiculus
rostrally and caudally for the next 24 hr. Their collaterals sively within the developing muscles (Landmesser et al.,
1990). The timing of these events is generally thought to bedo not invade the gray matter of the dorsal spinal cord until
around stage 28 (E6; Lee et al., 1988; Davis et al., 1989). controlled by changing cues in the peripheral environment
(Landmesser et al., 1990), but one interesting possibility isThe collaterals of all sensory axons have a similar pattern
of growth within the gray matter of the cord until stage 33 that the motor neurons themselves might play a role in
some of these events by the transient production or secre-(E7.5; Mendelson et al., 1992). During this period of develop-
ment collapsin-1 expression recedes toward the ventral half tion of collapsin-1.
Another interesting aspect of the collapsin-1 expressionof the cord with a time course roughly parallel to that of
the slow ventral advance of the sensory collaterals. After in the spinal cord is the stripes of highly expressing cells
along the ventricular surface. We do not know whetherstage 33, Ia and non-Ia collaterals diverge, with the Ia collat-
erals continuing to extend ventrally (Mendelson et al., these cells are radial glia, ventricular progenitor cells, or
posmitotic progeny of the precursors. If these cells are radial1992). It is possible that before this time all sensory afferents
are prevented from extending further ventrally by collapsin- glia, it is possible that their processes express or secrete
collapsin-1 in a band that would reach all the way to the pial1. Ia afferents may subsequently invade ventrally because
they become insensitive to collapsin-1 at this time or in- surface. If so, the resulting longitudinal stripe of collapsin-1
below the pia could be used by axons extending anteriorly orstead, may always be insensitive to collapsin-1 as proposed
by Messersmith et al. (1995). posteriorly in the cord as a guidance cue delineating dorsal-
ventral boundaries. It is remarkable how sharp the boundaryThe location and number of collapsin-1 expressing cells
in the ventral spinal cord suggests that many but not all is between the collapsin-1 expressing cells and nearby ven-
tricular cells that in other respects appear identical. Col-of them are motor neurons. Our ®nding that a signi®cant
number of axons exiting ventral spinal explants collapse in lapsin-1 expression may therefore serve as a positional
marker for a spatially localized pool of ventricular cells andresponse to collapsin-1 may raise an interesting paradox. If
we presume that many of the axons extending from ventral may therefore be useful in studies of the dorsal±ventral
patterning of the neural tube. This stripe extends anteriorlycord explants are motor neuron axons, then motor neurons
may both produce collapsin-1 and at the same time be re- into the brainstem, gradually separating into a pair of adja-
cent stripes. These stripes end abruptly at the level of cra-sponsive to it. Motor neurons may therefore be in a position
to inhibit their own outgrowth. Motor axons pause within nial nerve V. Thus collapsin-1 expression may also serve as
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a useful anterior±posterior positional marker in the older REFERENCES
brainstem.
Bronner-Fraser, M. (1986). Analysis of the early stages of trunk
neural crest migration in avian embryos using monoclonal anti-Skin body HNK-1. Dev. Biol. 115, 44±55.
Cox, E. C., Muller, B., and Bonhoeffer, F. (1990). Axonal guidanceChick sensory axons have been shown to avoid explanted
in the chick visual system: Posterior tectal membranes induceepidermis, but not dermis, from E7 chick skin (Verna, 1985).
collapse of growth cones from the temporal retina. Neuron 4,This epidermally derived repulsive activity can act at a dis-
31±37.tance, suggesting that it is secreted (Verna et al., 1986). The
Davies, J. A., Cook, G. M., Stern, C. D., and Keynes, R. J. (1990).
presence of collapsin-1 mRNA in epidermis but not dermis Isolation from chick somites of a glycoprotein fraction that
of the same age, the fact that collapsin-1 is a secreted pro- causes collapse of dorsal root ganglion growth cones. Neuron 4,
tein, and the known inhibitory effect of collapsin-1 on sen- 11±20.
sory axon extension all suggest that collapsin-1 could con- Davis, B. M., Frank, E., Johnson, F. A., and Scott, S. A. (1989).
Development of central projections of lumbrosacral sensory neu-tribute toward the repulsion of sensory axons by epidermis.
rons in the chick. J. Comp. Neurol. 279, 556±566.Thus, collapsin-1 could help to con®ne the bulk of sensory
Fitzgerald, M., Kwiat, G. C., Middleton, J., and Pini, A. (1993).innervation to the dermis by preventing penetration into
Ventral spinal cord inhibition of neurite outgrowth from embry-the epidermis.
onic rat dorsal root ganglia. Development 117, 1377±1384.
Hamburger, V., and Hamilton, H. L. (1951). A series of normal
stages in the developmnet of the chick embryo. J. Morphol. 88,Comparison of Collapsin-1 and Collapsin-2
49±92.Expression Patterns Heaton, M. B., and Wayne, D. B. (1983). Patterns of extraocular
innervation by the oculomotor complex in the chick. J. Comp.Collapsin-1 is one member of a family of related proteins.
Neurol. 216, 245±252.Within a species, the amino acid sequence of each family
Kennedy, T. E., Sera®ni, T., de la Torre, J. R., and Tessier-Lavigne,member is approximately 50% identical to those of the
M. (1994). Netrins are diffusible chemotropic factors for commis-
other family members (Kolodkin et al., 1993; Luo et al., sural axons in the embryonic spinal cord. Cell 78, 425±435.
1995; PuÈ schel et al., 1995). Each is expressed in a tissue Keynes, R. J., and Stern, C. D. (1988). Mechanisms of vertebrate
speci®c manner (PuÈ schel et al., 1995). A comparison of the segmentation. Development 103, 413±429.
expression patterns of collapsins-1 and -2 demonstrate that Keynes, R. J., and Stern, C. D. (1984). Segmentation in the verte-
each is expressed in an overlapping but distinct subsets of brate nervous system. Nature 310, 786±789.
Kolodkin, A. L., Matthes, D. J., O'Connor, T. P., Patel, N. H., Ad-cells within the developing CNS and periphery (Luo et al.,
mon, A., Bentley, D., and Goodman, C. S. (1992). Fasciclin IV:1995). For example, both collapsin-1 and -2 are expressed
Sequence, expression, and function during growth cone guidancein the ventral horns of the spinal cord, but collapsin-1 is not
in the grasshopper embryo. Neuron 9, 831±845.expressed in the ¯oor plate, while collapsin-2 is. Collapsin-2
Kolodkin, A. L., Matthes, D. J., and Goodman, C. S. (1993). Theis expressed in the early dorsal cord, but collapsin-1 is not.
semaphorin genes encode a family of transmembrane and sereted
Similarly, collapsin-1 and -2 are expressed in overlapping growth cone guidance molecules. Cell 75, 1389±1399.
but distinct layers of the tectum, oculomotor nuclei in the Landmesser, L., Dahm, L., Tang, J. C., and Rutishauser, U. (1990).
brainstem, and rostrocaudally oriented stripes of ventricular Polysialic acid as a regulator of intramuscular nerve branching
cells in the spinal cord and brainstem. We speculate that during embryonic development. Neuron 4, 655±667.
the differential distributions of these molecules could serve Lee, M. T., Koebbe, M. J., and O'Donovan, M. J. (1988). The develop-
ment of sensorimotor synaptic connections in the lumbosacralas axonal guidance cues in the developing nervous system.
motoneurons in the chick embryo. J. Neurosci. 8, 2530±2543.Collapsin-1 is expressed in speci®c subsets of cells within
Lim, T. M., Jaques, K. F., Stern, C. D., and Keynes, R. J. (1991). Anthe developing chick nervous system. The distribution of
evaluation of myelomeres and segmentation of the chick embryoits mRNA suggests that collapsin-1 is unlikely to be the
spinal cord. Development 113, 227±238.previously described repulsive activities in posterior somite
Loring, J. F., and Erickson, C. A. (1987). Neural crest cell migratory
halves, in olfactory septum, in nasal retina, or posterior pathways in the trunk of the chick embryo. Dev. Biol. 121, 220±
tectum. However, collapsin-1 mRNA distributions suggest 236.
that collapsin-1 could help to prevent sensory axons from Lumsden, A., and Keynes, R. (1989). Segmental patterns of neuronal
invading the ventral spinal cord or the skin epidermis. development in the chick hindbrain. Nature 337, 424±428.
Luo, Y., Raible, D., and Raper, J. A. (1993). Collapsin: A protein in
brain that induces the collapse and paralysis of neuronal growth
cones. Cell 75, 217±227.ACKNOWLEDGMENTS Luo, Y., Shepherd, I., Li, J., Renzi, M. J., Chang, S., and Raper, J. A.
(1995). A family of molecules related to collapsin in the embry-
onic chick nervous system. Neuron 14.We thank Steve Scherer, Marla Luskin, Kathy Tosney, Karmal
Sharma, Eric Frank, Marianne Bronner-Fraser, Jose de la Torre, and Mendelson, B., Koerber, H. R., and Frank, E. (1992). Development
of cutaneous and proprioceptive afferent projections in the chickMarc Tessier-Lavigne for their advice during this work. This work
was supported by grants from the NIH (S.C. and J.A.R.) and the spinal cord. Neurosci. Lett. 138, 72±76.
Messersmith, E. K., Leonardo, E. D., Shatz, C. J., Tessier-Lavigne,McKnight Foundation (J.A.R.).
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ m4592f8094 12-12-95 09:42:08 dbal Dev Bio
199Collapsin Distribution in the Embryonic Chick
M., Goodman, C. S., and Kolodkin, A. L. (1995). Semaphorin III digoxigenin-labelled cRNA probes. Histochemistry 100, 431±
440.can function as a selective chemorepellent to pattern sensory
Sohal, G. S. (1977). Development of the oculomotor nucleus, withprojections in the spinal cord. Neuron 14, 949±959.
special reference to the time of cell origin and cell death. BrainMoorman, S. J., and Hume, R. I. (1990). Growth cones of chick
Res. 138, 217±228.sympathetic preganglionic neurons in vitro interact with other
Stern, C. D., and Keynes, R. J. (1987). Interactions between somiteneurons in a cell-speci®c manner. J. Neurosci. 10, 3158±3163.
cells: The formation and maintenance of segment boundaries inPini, A. (1993). Chemorepulsion of axons in the developing mam-
the chick embryo. Development 99, 261±272.malian central nervous system. Science 261, 95±98.
Tosney, K. W. (1987). Proximal tissues and patterned neurite out-PuÈ schel, A. W., Adams, R. H., and Betz, H. (1995). Murine semapho- growth at the lumbosacral level of the chick embryo: deletion of
rin D/collapsin is a member of a diverse gene family and creates
the dermamyotome. Dev. Biol. 122, 540±558.
domains inhibitory for axonal extension. Neuron 14, 941±948. Tosney, K. W., and Landmesser, L. T. (1985). Speci®city of early
Raper, J. A., and Grunewald, E. B. (1990). Temporal retinal growth motoneuron growth cone outgrowth in the chick embryo. J.Neu-
cones collapse on contact with nasal retinal axons. Exp. Neurol. rosci. 5, 2336±2344.
109, 70±74. Verna, J. M. (1985). In vitro analusis of interactions between sensory
Raper, J. A., and Kapfhammer, J. P. (1990). The enrichment of neu- neurons and skin: Evidence for selective innervation of dermis
ronal growth cone collapsing activity from embryonic chick and epidermis. J. Embryol. Exp. Morphol. 86, 53±70.
brain. Neuron 4, 21±29. Verna, J. M., Usson, Y., and Saxod, R. (1986). Differential growth
of sensory neurons in vitro in presence of dermis and epidermis.Rickmann, M., Fawcett, J. W., and Keynes, R. J. (1985). The migra-
A quantitative time-lapse analysis. Cell Differ. 18, 183±188.tion of neural crest cells and the growth of motor axons through
Walter, J., Henke-Fahle, S., and Bonhoeffer, F. (1987). Avoidance ofthe rostral half of the chick somite. J. Embryol. Exp. Morphol.
posterior tectal membranes by temporal retinal axons. Develop-90, 437±455.
ment 101, 909±913.Schaeren-Wiemers, N., and Ger®n-Moser, A. (1993). A single proto-
col to detect transcripts of various types and expression levels Received for publication August 18, 1995
Accepted October 18, 1995in neural tissue and cultured cells: Is situ hybridization using
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ m4592f8094 12-12-95 09:42:08 dbal Dev Bio
